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Direct production of electroweakly charged states may not produce the high energy jets or the sig- 
nificant missing energy required in many new physics searches at the LHC. However, because these 
states produce leptons, they are still potentially detectable over the sizeable Standard Model back- 
grounds. We show that current LHC Higgs searches, particularly in the VKVK* and ZZ* channels, 
are sensitive to new electroweak states, such as supersymmetric charginos or neutralinos. Indeed, 
the 1.7 fb~^ Higgs searches can provide the strongest limits in certain regions of parameter space, 
extending the LEP bound up to ^ 200 GeV in some cases. Additionally, electroweakino production 
can form an interesting physics background for Higgs searches, especially at low luminosity and 
statistics. We show that dilepton searches with low missing energy requirements are complementary 
to existing searches in exploring regions of parameter space where new electroweak states are light 
or have compressed spectra. 



I. INTRODUCTION 

The hierarchy problem is the principle motivation 
for new physics at the weak scale, compelling us to search 
for new fields that regulate the quadratic divergences in 
the Higgs boson mass. Many theories Beyond the Stan- 
dard Model (BSM) posit the existence of new colored 
states at the weak scale to cancel the largest divergence, 
which arises from the top quark loop [Ij. The produc- 
tion rates at the LHC of these new states can be sizeable, 
even if their masses are large, and they are observable in 
the jets+X channels. 

At the same time, the Higgs self-coupling and gauge 
loops should also be regulated, but likely by states with 
only electroweak quantum numbers. These states are 
produced at a lower rate at the LHC, but are equally 
important in their implications for the weak scale. Even 
outside of the hierarchy problem, one might make a sim- 
ple argument for such new electroweak states. While 
chiral matter is light for a clear reason, the Higgs is light 
for an unknown reason. It may be that the weak scale 
is simply a special mass scale for weakly charged fields. 
Other, similar fields might exist, of which we would be 
unaware if they did not acquire vevs or couple to Stan- 
dard Model (SM) fields in any significant way. Only 
direct searches can answer the question as to whether 
such states exist. 

The strongest model-independent bounds on light 
electroweak states come from LEP, which searched for 
chargino pair production and neutralino associated pro- 
duction in electron-positron collisions [2 . Limits were 
set at the 95% confidence level for crxBr in the hadronic, 
semi-leptonic, and fully leptonic channels. The analysis 
at ^/s = 192-209 GeV bounds the neutralino mass split- 
ting over a wide range of parameter space, and sets a 
lower bound on the chargino mass of ~ 100 GeV. 

To date, the Tevatron and LHC have searched 



for electroweakinos in the decays of new colored par- 
ticles |3ttZj and in multilepton final states [8jil4j. The 
former searches take advantage of the large production 
cross section of the new colored states (i.e., squarks or 
gluinos) to increase production of the electroweakinos. 
These searches typically require several jets as well as 
large missing energy. However, the interpretation of 
the results depends on the branching fractions into elec- 
troweakinos, which may be small depending on the spec- 
trum of the theory. A recent ATLAS analysis for dilep- 
tons [3 looked at channels both with and without jet 
activity. The same-sign lepton channel with no jet ac- 
tivity was particularly sensitive to direct electroweakino 
production, but did not probe compressed spectra be- 
cause of a large missing energy requirement of 100 GeV. 

As an alternative, one can focus on more lepton- 
rich final states. Trileptons are a quintessential signa- 
ture of SUSY |16H22] , arising from associated production 
of charginos and neutralinos that decay through elec- 
troweak gauge bosons. (For a recent review, see [23].) 
The CDF trilepton analysis with 5.8 fb"-*^ sets a 95% 
confidence level lower limit of 168 GeV on an mSUGRA 
chargino [9 . Model-independent trilepton searches have 
been suggested [24 , especially in the context of simpli- 
fied models [25]. The CMS Collaboration currently has 
generic searches for multileptons underway [TOl [12] , with 
specific interpretations in the context of e.g., leptonic R- 
parity violation [TTj . 

While there are many SUSY searches for light states 
unaccompanied by hard hadronic elements, most require 
a significant amount of missing energy. However, if the 
mass spectrum for the electroweakinos is compressed, 
many events can have missing energy below the typi- 
cal 100 GeV cut. This is illustrated in Fig. [l] which 
shows the distribution of missing energy for a 120 GeV 
Wino decaying to a 1 GeV (blue) or 80 GeV (pink) Bino. 
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FIG. 1: Missing energy distribution for associated production 
of 120 GeV Winos decaying to a 1 GeV (blue) or 80 GeV 
(pink) Bino. Events satisfy the base selection cuts for the 
ATLAS WW* search [15], before application of the ^5?^ cut. 



Clearly, for certain parameter choices, the missing energy 
can peak well below 100 GeV, and in certain cases even 
below 50 GeV, making fairly inclusive approaches impor- 
tant in searching for these particles. Fortunately, such 
searches are already underway at the LHC — namely, the 
Higgs searches. In particular, Higgs searches that re- 
quire two and four-lepton final states (i.e., from W^W^* 
and ZZ*) generally have much weaker cuts on missing 
energy and are therefore sensitive to a broad range of 
parameter space for new electroweak states. 

Figure [2] compares the NLO production cross sec- 
tions for elect roweakinos, obtained using Prospino 
2 . , with those for two and four-lepton Higgs 
modes [27] . The cross section for chargino pair (red) and 
neutralino-chargino associated (yellow) production is as 
large as, or even larger than, that expected for a Higgs 
decaying to two leptons (black). Similarly, the neutralino 
pair production cross section (green) compares favorably 
with that for the Higgs four-lepton decay mode (gray). 
Therefore, direct electroweakino production has the ap- 
propriate cross section and final states to be relevant for 
Higgs searches. 

This Letter will explore two questions simultane- 
ously. First, to what extent do present Higgs searches 
constrain light, weakly charged states? Second, can such 
states be a physics background in Higgs searches, poten- 
tially even being confused for a Higgs at low statistics? 
We discuss these questions in the context of a simplified 
model inspired by a light Bino and Wino in supersymme- 
try (Sec. |ll|) and determine the constraints on li ght elec- 
troweakinos from current Higgs searches (Sec. HI). Fi- 
nally, we comment on modifications to the Higgs searches 



that could improve the discovery potential of a simple 
RECASTing [28; of the limits (SeclTvl). 



II. A SIMPLIFIED MODEL 

This section introduces the simplified model that we 
will use to illustrate the sensitivity of Higgs searches to 
light electroweak states. This simplified model is moti- 
vated by the supersymmetric scenario of electroweakinos 
that decay via off-shell sleptons or gauge bosons. It in- 
cludes a complete SM singlet Nq with mass Mq as well 
as an 6'/7(2)-triplet Cf, TV? at mass Ml. We consider 
CfN^ production through an s-channel W^, CfCf pair 
production through an s-channel as well as N^N^ 

pair production through a higher dimension operator (in 
SUSY, via a t-channel squark), as shown in Fig. [sj 

Because we are interested in the production of light 
particles ('^ 100-200 GeV), the jets and missing energy 
are relatively weak and lepton triggers are necessary. As 
illustrated in Fig. [sj the and can decay into Nq 
and leptons either through a W^ / Z^ (arising via Hig- 
gsino mixing in SUSY) or a higher dimension operator 
(arising from an off-shell slepton). As a consequence, 
this simplified model has 2-, 3- and 4- leptons, with the 
4-lepton signal relying upon a pair production mecha- 
nism for N^N^. 

Before presenting the detection prospects of this 
simplified model in Higgs searches, let us consider how 
reasonable its phenomenology is in the framework of su- 
persymmetry. Specifically, how often do leptonic decays 
dominate the final states of electroweakinos? Consider 
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FIG. 2: NLO cr x BR calculations for two and four-lepton 
Higgs modes, as well as electroweakino production at the 
LHC. C^Nx (chargino - neutralino) and production 
arise from s-channel vector bosons, while N^^x is generated 
from the t-channel exchange of 800 GeV squarks. 
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FIG. 3: Production mechanisms and decay modes for the simpHfied model. The C^C^ production mode is similar to that 
for C^Ni^ except with an s-channel 7/^° boson. 



the supersymmetric version of this simplified model, aug- 
mented with sleptons and Higgsinos. Figure [4] shows the 
branching ratio of Cf ^ N^l^vi and N§l^l~, 
for (Mo, Ml) = (100, 150) GeV and 1 TeV Higgsinos, as 
calculated by Susy-Hit [29 . There is a sizeable leptonic 
branching ratio for (blue line) for a fairly broad range 
of slepton masses. In contrast, the leptonic branching ra- 
tio for (green line) rises above the level for pure 
boson decays only for the lightest sleptons. Because the 
boson already produces a sizeable number of lep- 
tons (compared especially to the Z^), interesting limits 
are present so long as the leptonic branching ratio of 
is not too small. Nonetheless, the simplified models we 
choose are close to what is realized in SUSY models. 



Moreover, it is worth noting here that both decays 
shown in Fig. |3] arise from heavy physics. The de- 
cay through the off-shell slepton is clearly dependent 
on the mass of the slepton, and the operator that al- 
lows decays through W^s and Z's arises from integrat- 
ing out Higgsino states, i.e., there is no natural de- 
cay of , Nq without higher dimension oper- 
ators. Consequently, either decay mode (leptonic or 
Z/W-dominated) could completely dominate naturally 
in other models of new physics. 

III. ELECTROWEAKINO LIMITS FROM 
HIGGS SEARCHES 



A. Event Generation and Selection 
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FIG. 4: Branching ratio of 



' Nq (blue dashed) and 



'uNq (green) for / = e, /i as a function of the slepton 



mass. In this example, Mi = 150 GeV, Mo 
the Higgsino has a mass of 1 TeV. 
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Both CMS and ATLAS have Higgs searches for 
WW* im ED] and ZZ* [SH |32] final states. In this 
section, we will take the ATLAS cuts as the primary 
example. 

We consider the h WW"^ search that requires two 
isolated opposite-sign leptons |15j. The leading lepton 
must have pr > 25 GeV and the sub-leading lepton must 
have pt > 20 (15) GeV for electrons (muons). For same 
flavor events, mu > 15 GeV and \mz — mii\ > 15 GeV 
is additionally required, while for opposite flavor events, 
mil > 10 GeV is required. For same (opposite) flavor 
events, ^^^> 40 (25) GeV, where 



3l_ j^T 



I • sin 



if > 7r/2 
if < 7r/2 



(1) 



and A0 is the difference in the azimuthal angle between 
the missing energy vector and the nearest lepton or jet. 
The h WW* analysis is divided into a 0-jet and 1- 
jet channel, where a jet must satisfy pr > 25 GeV and 
1 7^ I < 4.5. The 0-jet channel requires no jets and dilep- 
tons satisfying pij. > 30 GeV and mu < 50 GeV. The 
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1-jet channel consists of exactly one jet, with b-jets ve- 
toed. The event is required to be relatively soft, with 
the vector sum |p^ + p?^ + + Pt''1 < 30 GeV. Fi- 
nally, to control Z ^ rr, events with reconstructed r's 
with Irrirr — ^z\ < 25 GeV are excluded. The Higgs 
search also has additional cuts on the dilepton opening 
angle and transverse mass, which we do not include here 
because they are optimized for a Higgs signal. The domi- 
nant SM backgrounds are WW, VK+jets, Z/7*+jets, tt, 
tWb/tb/tqb, WZ/ZZ/Wj, which contribute a total of 
139 ±20 events in the 0-jet channel and 64 ±10 events in 
the 1-jet channel at 1.7 fb~^ (see Tables 4 and 8 in [15 ). 

A separate analysis is performed for four-lepton final 
states [31]. Events are triggered by an electron (muon) 
with Et ^ 20-22 {pt > 18). All events are required to 
have two pairs of same-fiavor, opposite-sign isolated lep- 
tons, each with pr > 7 GeV and |7^| < 2.47 (2.7) for 
electrons (muons). At least two leptons are required 
to have pr > 20 GeV. All the leptons in the event 
must be separated by AR > 0.1 and the lepton pair 
best reconstructing the Z^ boson is required to have 
\mz — Tni2\ < 15 GeV. The invariant mass of the other 
lepton pair is required to be 40 GeV < 77134 < 115 GeV. 
The dominant SM backgrounds are ZZ*, Z, Z66, and tt 
and the total background at 4.8 fb~^ is 9.3± 1.2 events 
(see Table 3 in pij). 
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FIG. 5: Sensitivity of the ATLAS 2-lepton, 0-jet Higgs search 
to C^Cf production with lepton-dominated decays. Dashed 
and solid lines indicate the 1 and 2cr sensitivities, respec- 
tively. The region above the solid black line is forbidden 
by kinematics. On-shell VK-boson decays are kinematically 
allowed below the solid gray line; if not highly suppressed, 
these decays will dominate in this region. 



Parton level signal events were generated in 
MadGraph 4.4.49 ^ with CTEQ6L1 parton distribu- 
tion functions [34]. Pythia 6.4 [35] was used for parton 
showering, hadronization, and particle decays. The next- 
to-leading-order (NLO) production cross sections for the 
electroweakinos were calculated with Prospino 2 . [26] . 
PGS [36 was used as a detector simulator, with a cone 
jet algorithm with AR = 0.7. 

To estimate lepton efficiencies, we simulate h 
2l2v and h ^ \\i MadGraph for a 150 GeV Higgs and, 
after applying the cuts described above, compare our 
results to the published signal distributions and event 
counts in |31] |37]. For the 4- lepton search, we find an 
effective muon efficiency of 1 and an effective electron 
efficiency of 0.85. For the 2-lepton search, we find an 
efficiency of 0.6 for electrons with pt ^ 40 GeV, rising 
up to 1 for electrons with pt ^ 80 GeV. Muons with 
Vt ^ 35 GeV have an efficiency of 0.9, rising up to 1 
for muons with p^ ^ 50 GeV. With these lepton effi- 
ciencies taken into account, we reproduce the ATLAS 
distributions to within 0(20%). 

Next, we study the simplified model introduced in 
Sec. [n| in the context of these Higgs searches. We con- 
sider the scenario where the decays entirely to equal 
combinations of e^Ue^o and ii^v^Nq or entirely via 
W^ . The former is referred to as "lepton-dominated" 
decays and the latter as "W-dominated" decays. Simi- 
larly, the can decay to equal combinations of e^e^ A^q 
and /i^/i^7Vo . Because the leptonic branching ratios of 
Z^ decays are so small, no appreciable constraints can 
be set when these decays dominate. 



B. CfCf Production 

Figure |5] shows the exclusion limit on the masses of 
Cf and Nfiiom CfC^ pair-production with lepton- 
dominated decays. A signal point is taken to be within 
the 2(7 sensitivity of the search if the number of signal 
events is greater than or equal to twice the uncertainty 
in the background (including both the systematic, ^sys^ 
and the statistical, ^stat, contributions): 



;nal 



> 2 X 



^stat 



(2) 



Similarly, the la region contains points where the num- 
ber of signal events is greater than or equal to the back- 
ground uncertainty. We use the statistical and system- 
atic uncertainties published by the ATLAS collaboration 
for their backgrounds. 

As can be seen from Fig. [sj the 1.7 fb~^ 2-lepton, 
0-jet Higgs analysis sets 2cr limits on the mass of Cf 
up to ~ 170 GeV, for most values of Nq. Interestingly, 
even though the Higgs W^W* analysis is not optimized to 
look for these electroweak states, it already sets tighter 
bounds than LEP. The 2/+lj Higgs search generally has 
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FIG. 6: Constraints from the ATLAS 2-lepton, 0-jet Higgs search on C^Ni production with lepton and W-dominated decays 
of charginos (left and right, respectively). A^i is assumed to decay leptonically, and is degenerate in mass with the chargino. 
Lines as in Fig. |5] 



a lower reach, but provides the possibility of confirming a 
potential signal. We have also checked the bounds set by 
the 8 fb-^WW* Higgs searches at the Tevatron [381139]. 
The Tevatron bounds are not comparable to those set 
by the LHC, even when assuming that PGS reproduces 
the Tevatron analysis with 100% lepton efficiency. 



C. CtN? Production 

Figure [6] shows the constraints set by the 2-lepton, 
0-jet search on C^N^ production, for both lepton- and 
W-dominated decay modes of C^. For these plots, 
decays leptonically; the decay mode produces too few 
leptons to set significant limits. This production mode 
with lepton-dominated decays typically results in final 
states with three leptons. However, the fact that some 
leptons are lost down the beam pipe or misidentified 
still allows interesting constraints to be set by the Higgs 
dilepton analysis. As a consequence, W-dominated 
modes actually have a comparable reach, in spite of hav- 
ing fewer leptons. Additionally, we incorporate the effi- 
ciencies by scaling the accepted events by an additional 
efficiency factor, which is less than one. Some events 
that are not accepted in our simulation (namely those 
where all three leptons are detected) could be accepted 
in practice if one of the leptons were misidentified, not 
triggering the veto on additional leptons. Thus, our im- 
plementation of the efficiencies should be conservative. 

The Tevatron 5.8 fb~^ trilepton analysis [9 sets a 
bound of 168 GeV on the chargino mass, but only in the 



mSUGRA scenario. Figure |6] shows that the LHC should 
already be able to exceed this bound in certain regions 
of parameter space for the simplified model considered 
here. In addition, as the LHC Higgs searches accumulate 
more data, their reach will only continue to improve. 

The limits set by the Higgs analysis are stronger 
than those that would be set by the ATLAS 1 fb~^ 
same-sign dilepton analysis [3 . The same-sign analysis 
requires that the missing energy in the event be larger 
than 100 GeV. Applying these cuts to the simplified 
model in this paper and assuming the same lepton effi- 
ciencies that we found for the Higgs 2-lepton search, we 
find that the same-sign search only bounds that are 
> 80 — 140 GeV heavier than TYq , for lepton-dominated 
decays. For W-dominated decays, which are hampered 
by the leptonic branching fraction of the , the same- 
sign dilepton search provides no significant limits. This 
cross-check confirms our intuition that a large missing 
energy cut reduces the sensitivity to compressed elec- 
troweakino spectra. 



D. N^N? Production 

The dominant production modes for the 2-lepton 
electroweakino searches arise from s-channel gauge boson 
exchange and only have model dependence in the decays. 
In comparison, the production mode of N^N^^ which 
contributes to the 4-lepton search, relies on the presence 
of a higher-dimension production operator (i.e., squark 
exchange). Here, we assume 800 GeV squarks, which are 
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FIG. 7: Sensitivity of the 4-lepton Higgs search on pro- 
duction, with lepton-dominated decays assumed. The pro- 
duction cross section is taken with 800 GeV squarks. Lines 
as in Fig. [5] except that the region below the gray line is 
where on-shell Z-boson decays are kinematically allowed. 



consistent with current bounds on squark masses from 
the 1 fb-^ ATLAS jets plus missing energy search [40j. 
Figure [7| shows the constraints set by the 4-lepton Higgs 
search on N^N^ production. Sensitivity is only present 
in the region where on-shell decays of the Z-boson are 
allowed. This is due to the fact that the ATLAS Higgs 
analysis requires a pair of leptons to reconstruct to the 
mass of the Z^, which limits the sensitivity of the search 
in the region of more compressed electroweakino spec- 
tra. Relaxing this requirement (or providing the count 
rates before applying this cut) could potentially increase 
sensitivity in this region. 



E. Summary 

As illustrated by Fig. the Higgs WW and 

ZZ* analyses can set significant limits on the masses 
of electroweakino states. It is perhaps striking that an 
opposite-sign dilepton search can have this reach. The 
simple fact that the cross section for electroweakino pro- 
duction is in general larger than Higgs production cross 
sections (for which we know the LHC has sensitivity) 
promises us some reach. On the other hand, since the 
dominant background in the 0- and 1-jet searches is WW, 
making a similar search using same-sign leptons would 
likely cut backgrounds, but would also reduce signal, if 
for no other reason but combinatorics. 

We emphasize that the Higgs searches are merely 



complementary to existing mutlilepton searches, provid- 
ing sensitivity in the light / compressed regions of param- 
eter space. The sensitivity of existing Higgs searches to 
new electroweakino states motivates further exploration 
of low-^T mutlilepton signatures. 



IV. DISCUSSION 

The search for the Higgs boson provides the 
prospect of discovering the one remaining, untested ele- 
ment of the Standard Model — the origin of electroweak 
symmetry breaking. However, these same searches are 
capable of probing ranges of parameters for other elec- 
troweakly charged particles. 

While many searches for new physics focus on hard 
jets or large missing energy, the Higgs searches are fairly 
inclusive for new states in the 100-200 GeV mass range. 
We have considered these searches in the context of 
electoweakino production as represented by a simplified 
model. We find that for certain ranges of parameters, 
Higgs searches are already probing new ground for these 
particles, placing stronger limits than those from the 
Tevatron. 

We should emphasize that these limits are not 
generic, and rely upon certain electroweakino decays 
dominating. In particular, while interesting limits can 
arise when the chargino decays through a , most lim- 
its disappear when Z^ bosons dominate the decays. Both 
of these decays are mediated by higher dimension oper- 
ators, and thus the relative sizes of these modes depend 
on additional physics, such as the masses of the Higgsi- 
nos and sleptons. Nonetheless, it is important to recog- 
nize that new parameter space is already being probed 
by Higgs searches. Moreover, the opposite-sign dilepton 
searches are sensitive to new models (such as Dirac gaug- 
inos in e.g., j4TN46] ) that same-sign searches may not be 
sensitive to. 

At the same time, it is interesting to note that these 
new states can form genuine physics backgrounds for 
Higgs searches. While it is unlikely that an excess of 
events would be long confused with a Higgs signal (with 
the more definitive mass peaks from 77 and 4-lepton 
searches being clear cross-checks), a relative failure com- 
pared to expectations in one of these channels could indi- 
cate the presence of a new, electroweakly charged state. 

As the LHC moves to larger luminosities, the sensi- 
tivity to these new states will only increase. This gives 
the exciting prospect that Higgs searches may not only 
provide the final piece of the Standard Model, but also 
the first piece of what comes next. 

Note added: As this work was being completed, a re- 
lated work [47] appeared. There, a complementary study 
was performed, showing how multilepton searches (opti- 
mized for new physics) can be sensitive to Higgs decays. 
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